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ENZYMES OF AMINO ACID METABOLISM IN NORMAL HUMAN SKIN
I. GLUTAMATE DEHYDROGENASE*
KENJI ADACHI, M.D., PH.D.**, CHARLES LEWIS, Jx., B.S.
AND FALLS B. HERSHEY, M.D.***
This paper is the first report of the enzyme
glutamic dehydrogenase in normal human skin.
Its characteristics and its distribution in epi-
dermis, dermis and the various skin appendages
are described.
Enzymes of deamination, transamination and
decarboxylation reported in liver and kidney
tissue have not. been previously shown normal
skin.
Glutamic dehydrogenase catalyzes the re-
versible oxidation deamination of 1-glutamate to
a-ketoglutarate and aminonium ions. A subse-
quent report (1) characterizes the enzyme
glutamic-alanine transaminase of skin which
converts glutamate to a-ketoglutaric acid. This
is transamination of amino groups from the same
substrate glutamate to pyruvic acid to form
1-alanine and vice versa.
METHODS
Normal abdominal human skin obtained from
the edge of surgical incisions was washed for 15
minutes in cold tap water. Subcutaneous fat was
trimmed from the dermis. The epidermis was ob-
tained using a modification (2) of the stretch
method of Van Scott (3). The epidermis was
quickly weighed and homogenized in water for
2—3 minutes in a motor-driven (3,000 rpm) iced
ground glass homogenizer.
The optimum condition for assay was adapted
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from those as described by Lowry (4). The reaction
mixture contained 5 mM a-KG' (pH 7.3), 150 mM
ammoniuni sulfate, 15 mM nicotinamide, 0.05%
bovine plasma albumin and 0.25 mM NADH2
in a 85 mM Tris-HC1 buffer at pH 7.3. To 100 pl of
the reagents, racked in an iced bath, was added 5
l of epidermal homogenate (25 to 125 ug), and was
mixed by "buzzing." The reaction mixture was
incubated at 37° C for 30 minutes. The rack was
returned to the ice bath and 5 pl of 6 N HCI was
added to each tube to destroy NADH and atop
the reaction. A 15 ul aliquot was added to 135 ul
of 6.6 N NaOH in a 3 ml fluorometer tube and
incubated 60 minutes at room temperature. To this
was added 1 ml of glass re-distilled water and the
fluorescence was measured with the Farrand
Model A Fluorometer with a Corning glass filter,
number 5860 as primary filter and numbers 4308,
5562 and 3387 as secondary filters. NAD standards
(5 x 10 moles) and the appropriate blanks were
carried along with the samples. The fluorescence
was read against a quinine working standard
(0.05 to 2.5 g per ml) in 0.1 N H,S04.
For measurement of the GDH activity of skin
and its appendages, full thickness skin was in-
stantly frozen in liquid nitrogen, 25 4 frozen sec-
tions were cut at —30° C and dried. Samples of
epidermis, dermis, hair follicles, sebaceous and
sweat glands were dissected from the unstained
dried sections and weighed on quartz fiber micro-
balances. Samples weighing 1—5 micrograms were
placed at the bottom of 2.5 by 50 mm tubes (5, 6).
The reaction mixture (10 pl) was added to each
tube (without "buzzing") and incubated at 37° C
for 60 minutes. After the addition of 3 ul of iN
HC1, a 10 ui aliquot was transferred into 3 ml
fluorometer tubes for the fluorescence measure-
ment as described above. NAD standards (4 X
10'° moles) were carried along with the sections.
NAD, NADH and the substrates were obtained
from the Sigma Chemical Company, St. Louis,
Missouri. NADH solutions were made up in 0.1
M Tris-HC1 buffer, pH 8.4 while all other reagents
were prepared in glass redistilled water. All stock
solutions were stored at —20° C. Protein was
measured according to the method of Lowry (7).
RESULTS
The course of the reaction with time under
assay condition is shown in Figure 1. Readings
are proportional to the time of incubation for at
least 90 minutes. Figure 2 shows the effect of
enzyme concentration. Readings are proportional
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to the amount of enzyme over a wide range.
Figure 3 shows the effect of varied substrate con-
centration. a-KG concentrations above 10 mM
is inhibitory. The Michaelis constant (Km) (8)
for a-KG is approximately 6 X 10 M. The
effect of various concentration of NADII on
epidermal GDII activity is shown in Figure 4.
Excessive amounts of NADH are inhibitory.
At NADH concentrations of 1.10 mM the epi-
dermal GDII activity was 80% of the optimum.
Km for NADH is approximately 1,5 x 10 M.
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Fm. 1. The activity of epidermal GDH with
time. The ordinate is fluorescence. The abscissa
is the incubation time in minutes at 37°C. Except
for the incubation time experimental conditions
are as described in the text under "Methods."
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Fm. 4. Effect of varied NADH concentrations.
Ordinate is plotted as fluorescence. Abscissa is
concentration of NADII. Except for NADH con-
centration conditions are as described in the text
under "Methods."
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Fm. 5. Effect of varied NH4+ concentration.
Ordinate is fluorescence. Abscissa is concentration
of NH +• Except for N114+ concentrations condi-
tions are as described under "Methods."
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FIG. 2. Effect of varied concentrations of epi-
dermis. The ordinate is fluorescence. Abscissa is
the wet weight of the tissue sample in micrograms.
Experimental conditions are described in the text
under "Methods."
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Fm. 6. The effect of pH on epidermal GDH
activity. Ordinate is fluorescence. Except for pH
and buffer conditions are the same as described
under "Methods." (.) Phosphate buffer, (0)
Tris-HC1 buffer.
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Fio. 3. Effect of varied a-ketoglutarate con-
centration. Ordinate is plotted as fluorescence.
Abscissa is concentration of a-ketoglutarate.
Except for the substrate concentration conditions
are as described in the text under "Methods."
Figure 5 shows the effect of ammonium ion con-
centration epidermal GDH activity. Optimum
activity was obtained at 150 mM however, at
300 mM inhibition was observed. The Km for
NII is approximately 5 x 10 M. The effect
of pH on epidermal GDH activity is shown in
figure 6. The optimum pH is 7.3. At pH 6.5 or
8.0, the GDH activity is approximately one half
of the maximum activity.
No GDH activity was observed in the absence
of any one of three substrates, i.e., a-KG, NADH
or ammonium sulfate. Substitution of NADPH
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TABLE I
GDH activity of various skin structures
Skin
sample
Epidermis
rn/kg/hr
Dermis
rn/kg/hr
Hair
Follicle
rn/kg/hr
Sebaceous
Gland
rn/kg/hr
Sweat
Gland
rn/kg/hr
1
2
3
4
Mean
0.450
0.510
0.444
0.557
0.490
0.036
0.047
0.036
0.021
0.035
0.203
0.044
0.265
0.252
0.191
0.163
0.110
0.189
0.202
0.166
0.369
0.441
0.478
0.363
0.412
Values are mean activity (moles of product
formed per kilogram dry weight per hour) of six
1—5 microgram frozen and dried sections. Each
sample number represents skin from a separate
individual.
as the coenzyme at concentration optimal for
NADII gave GDH activity 10 to 15 times less
than with NADH. The GDH reaction in this
system was further validated by measuring
NAD+ formation and a-KG disappearance as
described by Lowry (4). The reaction is stoichio-
metric.
The mean GDH activity of epidermis from four
different individuals was 0.18 mole/kg wet wt/hr
with some individual variations (0.12, 0.13, 0.20,
0.26 mole/kg wet wt/hr respectively).
GDH in skin is stable upon freezing and drying
(F & D) thus facilitating quantitative histo-
chemical studies. No loss of activity was ob-
served after one week of storage of F & D epi-
dermal homogenates at —20° C, and less than a
15% loss was observed after two months at
—20° C. All analyses of sections were done within
one week of freezing and drying.
Table I shows the GDH activity in various
parts of the skin. Each figure represents the mean
of six samples from the same individual. The
GDH activity in epidermis and sweat gland is
more than twice that in hair follicle and sebaceous
gland. Dermis has less than one tenth the GDH
activity of epidermis or sweat gland.
DISCUSSION
Epidermal GDH is similar to the GDH found
in rabbit brain and bovine liver in some ways.
The Michaelis constant (Km) for a-KG with
GDH of epidermis (6 x 10 M) is in the same
order of magnitude as those of rabbit brain (9)
and bovine liver (10)., i.e., 8.5 x 10 M and
7 x 10 M respectively. The Km for NH4+
with GDH of epidermis and rabbit brain are the
same (5 x 10—2 M). The Km for NADH with
epidermal GDH (1.5 X 10 M) is much higher
than that of rabbit brain, (1.5 X 10 M) re-
ported by Lowry (3). However, Olson and Anfin-
sen (11) reported Km for NADH with liver GDH
in the order of 10 M. Michaelis constants for
coenzymes vary somewhat depending on con-
centration of the other substrates. Although
GDH of liver is able to utilize either NAD or
NADP (nicotinamide adenine dinucleotide
phosphate, oxidized) at the approximate same
velocity (11), GDH of skin showed 10 to 15 times
more activity with NADH than with NADPH.
The distribution pattern of GDH in skin and
skin appendages resembles with that of lactic
and malic dehydrogenase (12). The similarity of
GDH distribution with these enzymes of carbo-
hydrate metabolism suggests that one physio-
logical role of the GDH is to link amino acid
and carbohydrate metabolism. Another impor-
tant role of the GDH may be controlling the
concentration of ammonium ion in skin. This is
suggested by our findings that sweat gland con-
tains high GDII activity. Since the urea cycle has
not yet been found as such in skin (13) a role of
GDH in skin in control of ammonium ion con-
centration may be important.
GDH of other mammalian tissue such as liver
has been found to be sensitive to hormones.
Diethyistilbestrol for example, inhibited NADH
oxidation 97% at levels of 5 X 10 M. This
inhibition was reversed in the presence of adeno-
sine diphosphate (14). Liver GDH activity is
affected by various coenzymes as well as hor-
mones. These factors may also affect the GDH
activity in skin. Further investigation is re-
quired for this problem.
Complete definite patterns of amino acid
metabolism in skin are still unknown. Wheatley
(15) has demonstrated the incorporation of valine
and isoleucine into branching fatty acids in per-
fused dog skin. Rothberg (16) demonstrates an
interconversion among amino acids by incubating
epidermis with labelled glycine and isolating
labelled serine and cystine. Pomerantz (17)
demonstrated transamination in young rat skin,
in vitro by the isolation of labelled alanin', gluta-
mate, aspartate and serine alter incubation with
glucose [C14]. To evaluate normal amino acid
metabolism the effect of hormones, healing and
other physiological changes on the overall amino
acid metabolism of skin and individual enzymes
as GDH, further investigation is required.
GDH OF EtIMAN SKIN 229
SUMMARY
1. A sensitive and reproducible micro method
for determination of GDH in 0.5 to 5 jig dry
weight of skin and skin appendages is described.
2. GDH activity of epidermis is approximately
the same as that of rabbit brain, being 0.2 moles/
kg wet wt/hr.
3. GDH activity of epidermis, dermis hair
follicles, sebaceous gland and sweat glands are
respectively 0.49, 0.04, 0.19, 0.17 and 0.41 moles!
kg dry wt/hr.
4. It is suggested that the GDH in skin
participates with two physiologically important
roles: 1) to link amino acid and carbohydrate
metabolism and; 2) to control ammonium ion
concentration.
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